The taste detection system for oral fatty acid may be related to obesity. In addition, sleep is intrinsically and closely related to food intake and metabolism. However, the association of gustatory salivation with body mass index (BMI), daytime sleepiness, or sleep habits is largely unknown. Therefore, we evaluated the relationship between gustatory salivation and BMI, Epworth sleepiness scale (ESS, a daytime sleepiness scale) or sleep habits among 26 healthy young individuals (20 males and 6 females; mean age: 26.0 ± 4.3 years). We also measured the saliva flow rate (SFR) that was induced by gum-chewing or each of three prototypical tastants (acetic acid, sucrose, and NaCl). Further, the SFR was induced by fatty acid, provided as oleic acid (OA) homogenized in non-fat milk. All participants showed normal rates of salivation during resting and gum-chewing states. The increase in the SFR induced by OA, but not by each of the three tastants, was associated with BMI. Moreover, both daytime sleepiness level and frequency of snoring were associated with the increase in the SFR induced by NaCl. These results suggest that BMI is associated with salivation induced by oral fatty acid exposure. Additionally, the regulatory mechanism for the NaClinduced salivation reflex may have a relationship with impairments of the respiratory control system that are related to snoring during sleep and lead to daytime sleepiness because of insufficient sleep. Thus, measurement of gustatory salivation might contribute to the evaluation and prevention of obesity and sleeprelated breathing disorders.
Introduction
The functions of sleep remain unclear in mammals. Nonetheless, sleep is regarded as playing a role in energy conservation and the recuperation of the nervous system, via reduced responsiveness during sleep (Siegel 2005; Brown et al. 2012; Shukla and Basheer 2016) . Thus, sleep is intrinsically and closely associated with food intake and metabolism. In fact, feeding-induced satiety promotes both rapid eye movement (REM) sleep and non-REM sleep (Danguir and Nicolaidis 1979; Sinton et al. 1999) . However, the associations of sleepiness, sleep habits, and body mass index (BMI) with salivation and other stomatognathic functions are largely unknown. In contrast, oral medicine (more specifically dental sleep medicine) has already been incorporated into and significantly contributed to the treatment of patients who are affected by some sleeprelated breathing disorders, such as obstructive sleep apnea.
For example, custom-made dental devices are used to reduce the index of apnea and hypopnea. This is known as oral appliance therapy (Clark et al. 2000; Hosoya et al. 2014; Bender 2016; Lavigne and Sessle 2016) . At present, obstructive sleep apnea is principally believed to be associated with a narrowed upper airway (Dudley and Patel 2016; Kassim et al. 2016) . Thus, clarifying the abovementioned associations would be important to the field of sleep medicine, especially in countries with relatively short sleeping times, such as Japan. The clarification of these associations could also contribute to the development of new, clinically applicable indicators for or treatments of sleep-related breathing disorders.
Obstructive sleep apnea is a subtype of sleep apnea syndrome and is marked by repetitive episodes of apnea and hypopnea during sleep. Obstructive sleep apnea additionally leads to daytime symptoms of functional impairment, such as impaired alertness (Young et al. 1993; Tanaka and Shima 2010) . Sleep apnea syndrome is associated with general health complications, including cardiovascular disease, hypertension, and diabetes mellitus, as well as oral complications, such as periodontitis (Elmasry et al. 2000; Peppard et al. 2000; Shahar et al. 2001; Tanigawa et al. 2004; Sales-Peres et al. 2016) . The Epworth sleepiness scale (ESS) is a representative self-reported questionnaire that consists of 8 items for measuring human daytime sleepiness. It was developed by Johns in 1991, and is widely used as a convenient and inexpensive test to screen for sleep apnea syndrom by assessing subjective daytime sleepiness (Johns 1991; Tanigawa et al. 2005 ). Several previous studies have already investigated the relationships between oral status and ESS scores. For instance, a research group reported finding no association between the ESS score and periodontal status in morbidly obese patients (Sales-Peres et al. 2016 ). In addition, another group reported that patients with burning mouth syndrome, a chronic disease characterized by a burning sensation and pain in the oral cavity, exhibited significant decreases in the ESS score, as compared with a healthy control group (Lopez-Jornet et al. 2015) . To the best of our knowledge, however, no research group has reported a study of the associations between the ESS score and the gustatory saliva reflex in human subjects.
Saliva is a mixture of secretory fluid from secretory glands in the oral cavity. Regarding salivation that is induced by taste stimulation, sour tastes increase the flow rate of whole saliva to a greater degree than do other prototypical taste qualities (i.e., salty, bitter, sweet, and umami tastes) (Hodson and Linden 2006; Sasano et al. 2010) . Although individuals do not perceive the taste of dietary fat clearly, fat is nevertheless very tasty (Mizushige et al. 2007 ). The fatty acid taste refers to the taste of fatty acids such as oleic acid (OA), a monounsaturated fatty acid that has 18 carbon atoms and one double bond, and is found in many vegetable oils and animal oils. It has recently been suggested that, along with the 5 basic tastes, the fatty acid taste is also a prototypical taste. This suggestion is based on the identification of possible fatty-acid receptors, including fatty acid receptor 1 (FFAR1) that are present in taste bud cells of the tongue and the cells can activate taste nerves (Janssen and Depoortere 2013; Newman et al. 2013; DiPatrizio and Piomelli 2015) . It is already known that FFAR1 is expressed in many endocrine cells, such as pancreatic beta cells, and is activated by long-chain (13-21 carbons) and medium-chain (6-21 carbons) fatty acids to mediate hormone secretion (Itoh et al. 2003; Edfalk et al. 2008; Janssen and Depoortere 2013) .
Several studies have reported that OA detection thresholds differ across human individuals, and that there are inverse correlations between BMI and OA sensitivity (Stewart et al. 2010 (Stewart et al. , 2011 Haryono et al. 2014; Asano et al. 2016) . However, to the best of our knowledge, no research group has reported the existence of an enhanced saliva reflex that is induced by the administration of free fatty acid in the human oral cavity. It has also been unclear whether the flow rates of gustatory salivation induced by each tastant are associated with the BMI of healthy young individuals. Moreover, it is largely unknown how the extent of gustatory salivation induced by each tastant is related to sleepiness and various sleep habits. Therefore, in this study of healthy young adults, we investigated the association of gustatory salivation with BMI, as well as the relationships between gustatory salivation, ESS scores, and sleep habits.
Materials and Methods

Study outline
Subjects attending the laboratory at Tohoku University Graduate School of Dentistry completed a self-reported questionnaire on lifestyle habits (including daytime sleepiness and sleep habits) and the condition of their health. Each subject's weight, height, BMI, and fat rate were then measured using a bench-made stadiometer and a weight scale (Inner Scan 50; Tanita, Tokyo, Japan). Additionally, each subject's blood pressure was measured using an electronic sphygmomanometer (CH-550; Citizen, Tokyo, Japan). After these procedures, the attending subjects underwent the following tests: (1) tests of the increase in the saliva flow rate (SFR) that was induced in the first 1 min by various taste stimulations in the oral cavity (using acetic acid, sucrose, salt [NaCl] , and oleic acid), and (2) a test of the SFR for the first 5 min during resting or mastication, to evaluate the potential for salivation in each participant. In the study cohort of healthy young individuals, we subsequently evaluated (1) the association between the increases in the SFR induced by various taste qualities and BMI (kg/m 2 ), (2) the relationships between the increases in the SFR induced by various taste qualities and daytime sleepiness, and (3) the association between the increases in the SFR induced by various taste qualities and several sleep habits. All experiments were performed in compliance with the Declaration of Helsinki (http:// www.wma.net) and institutional guidelines. Ethical approval for the study was obtained from the Ethics Committee of Tohoku University Graduate School of Dentistry. All subjects provided written informed consent and completed the study including questionnaire regarding sleep habits.
Subjects
The subjects were limited to non-medicated young adults (20 to 39 years of age) who were in good health at the time of testing and were normotensive non-smokers, based on the results of the examinations in the present study. The subjects were also limited to individuals who reached SFRs of 0.1 mL/min and 1.0 mL/min in the resting and gum-chewing states, respectively. Based on previous reports (Humphrey and Williamson 2001; Satoh-Kuriwada et al. 2014) , these values were considered to be minimum flow rates for determining whether the candidates had normal salivation potential.
Thirty-six young adults were recruited as candidate subjects through public advertisements for the present study. However, ten candidate subjects were excluded from the analyses of the present study because they did not meet the abovementioned selection criteria. Therefore, the data of twenty-six (n = 20 male; n = 6 female) adults (mean age: 26.0 ± 4.3 years; range: 20 to 38) were analyzed in the present study. Their BMIs ranged from 18. Table 1 .
Determination of the increases in the SFR induced by three prototypical tastants
Sample water solutions for sour, sweet, and salty tastants were prepared using acetic acid, salt, and sucrose, respectively, at 160 mM. All of the tastants were purchased from Wako Pure Chemical Industries (Osaka, Japan). Subjects were presented with a set of each of the prototypical tastants. The subjects took 1 mL of each solution into their mouths. One min after tasting, the subjects then expelled the solution with the whole saliva secreted in the oral cavity from their mouths into a prepared conical collection tube. Using the stimulated whole saliva (SWS), the stimulated whole saliva flow rate (SWSFR) was then determined to evaluate the amount of early stage gustatory salivation, including peak salivary response. The mean time to reach peak salivary response to test stimuli is within 30 s for the basic tastes (Hodson and Linden 2006; Sasano et al. 2010; Sato et al. 2011) . We considered it preferable to avoid excess stimulation of the oral cavity with tastants, to reduce the burden on the subjects and the hours that were necessary for their participation. To maintain the taste stimulation at a constant level, the subjects were requested not to expel or swallow whole saliva during the 1 min of monitoring.
Using unstimulated whole saliva (UWS), which refers to whole saliva secreted in the oral cavity during resting, the unstimulated whole saliva flow rate (UWSFR) was also measured to calculate the increases in the SFR that resulted from taste stimulation. In the present study, the increase in the SFR induced by each tastant was defined as the difference between the measured SFR during tasting (SWSFR) and that during resting (UWSFR). Subjects were asked to refrain from eating 2 h before testing. They were also requested to sit in an upright chair during the test and to rinse their mouths with distilled water between each taste sample.
Determination of the increase in the SFR induced by OA
OA is a fatty acid that is commonly found in the food supply and is easy to use because it is liquid at room temperature, even though it is poorly soluble in water (Haryono et al. 2014) . Thus, the OA solution used in the present study consisted of an emulsion of food grade OA (Sigma-Aldrich, St. Louis, MO, USA) in non-fat milk (Morinaga Milk Industry, Tokyo, Japan) and was newly prepared for every session, following a previously established method (Stewart et al. 2010; Kulkarni and Mattes 2013; Haryono et al. 2014; Asano et al. 2016) . OA was stored at -20°C before use. To prepare OA samples, varying amount of OA and 12% (w/v) powdered non-fat milk was added to beakers to achieve the desired final concentrations. Additionally, all preparations were mixed with 5% (w/v) gum arabic (Acacia gum) (Wako Pure Chemical Industries) and liquid paraffin (Wako Pure Chemical Industries) to mask lubricity cues (Stewart et al. 2010; Haryono et al. 2014; Asano et al. 2016 ). To prevent oxidation of OA, all samples were mixed with 0.01% (w/v) ethylenediaminetetraacetic acid (EDTA; Dojindo Laboratories, Kumamoto, Japan) as an antioxidant. Then, after adding distilled water, all additives in each beaker were homogenized for 12 min at 7000 rpm with a homogenizer at room temperature (HM-310; As One, Tokyo, Japan), in order to prepare the OA emulsions. The vehicle was prepared in the same way. The amount of each additive for making all preparations was precisely measured each time using pipettes, a mass scale, and a measuring cylinder. Subjects were presented with three different concentrations of OA solution: 0 mM (control vehicle), 32 mM, and 160 mM. We used the same tasting and flow rate measurement procedures for OA as had been applied for the three prototypical tastants described above, with the singular exception that the tests of OA were conducted with the subjects wearing nose clips to minimize olfactory cues caused by volatilized OA.
Determination of SFR during resting and mastication
To evaluate the salivation potential of each participant in terms of an average SFR, the amount of salivation during resting and masticating states was measured for 5 min. In the present study, we used a chewing gum that lacked both taste and odor for saliva extraction (Checkbuf salivary gum, Horiba, Kyoto, Japan) to determine the average SWSFR that was stimulated with mastication. Regardless of whether the resting or masticating state was being tested, the subjects were allowed to expel whole saliva from their mouths into a prepared conical collection tube at any point in time during the measurement period. Subjects were asked to refrain from eating 2 h before testing. They were also requested to sit in an upright chair during the test and to rinse their mouths with distilled water just before each test.
Determination of the ESS score and degree of sleep habit
In the present study, we calculated the ESS score based on a self-reported questionnaire in order to evaluate the degree of sleepiness that was felt by each participant. Briefly, the participants were asked to rate the likelihood of falling asleep by selecting the most appropriate of the following numbers: 0, would never doze; 1, slight chance of dozing; 2, moderate chance of dozing; 3, high chance of dozing. In the self-reported questionnaire, participants were asked about the likelihood that they would fall asleep during eight situations: (1) sitting and reading; (2) watching television; (3) sitting inactive in a public place; (4) as a passenger in a car for an hour without a break; (5) lying down to rest in the afternoon, when circumstances permit; (6) sitting and talking to someone; (7) sitting quietly after a lunch without alcohol; and (8) in a car, while stopped for a few minutes in the traffic. The ESS score is the sum of the 8 item-scores in the ESS. We adopted the ESS score of 10 as cut-off score for normal sleepiness. Scores strictly greater than 10 were regarded as indicating excessive sleepiness, in accordance with previous investigations (Johns 1991 (Johns , 1994 Furuta et al. 1999; Hossain et al. 2005) . The participants were also asked to rate certain sleep habits, detailed in Table  2 , on scales of 1 to 4 or 5.
Statistical analysis
Sex differences in the participants' baseline characteristics (i.e., age, height, weight, BMI, body fat, and blood pressure) were assessed using Student's t-test. Differences in SFR between groups were assessed using one-way analysis of variance followed by Holm's test. Kendall's rank correlation coefficient was used to test for correlations among age, BMI, SFR, the increase in SFR that was stimulated by mastication or tasting, the ESS score, and the scores for sleep habits. In the correlation analyses, P-values were calculated for the hypothesis of no correlation. In each test, P-values < 0.05 were considered statistically significant. Statistical analyses were performed using SPSS statistics, version 22.0 (IBM, Armonk, NY, USA), and the statistical package JSTAT for Windows, version 6.8. (Sato, Japan) .
Results
Each participant showed a SFR that was more than 0.1 mL/min during the resting state (Table 1 ; Fig. 1A, B) . No significant association was observed between the SFR during the resting state and age (τ = 0.178, P > 0.05) or BMI (τ = 0.091, P > 0.05). Each participant also showed a SFR that was not less than 1.0 mL/min during the masticating state (Fig. 1C, D) . As was the case for the resting state, no significant association was observed between the SFR during the mastication state and age (τ = 0.112, P > 0.05) or BMI (τ = 0.157, P > 0.05).
As shown in Fig. 2 A to G, the increases in the SFR were measured for 1 min in each participant during tasting states, using the indicated concentrations of acetic acid, sucrose, NaCl, and OA as tastant samples. BMI only showed significant associations with the increase in SFR for 32 mM OA and 160 mM OA (τ = 0.310, P < 0.05 and τ = 0.287, P < 0.05, respectively); no significant associations were observed with BMI for other tastants. We additionally evaluated the average SFR of all participants, which was significantly increased by the oral administration of 160 mM OA solution for 1 min (Fig. 2H) .
The ESS score was specifically associated with the increase in the SFR induced by 160 mM NaCl (τ = 0.326, P < 0.05), but not with any of the other investigated tastants (Fig. 3) . No significant association was observed between the ESS score and age (τ = 0.101, P > 0.05) or BMI (τ = −0.006, P > 0.05). As shown in Fig. 4 , the increase in the SFR stimulated by NaCl was significantly associated with the frequency of snoring (question 6 in Table 2 ; τ = 0.458, P < 0.01), but not with any of the other investigated sleep habits (questions 1-6 in Table 2 ). The frequency of snoring was additionally associated with the increase in the SFR induced by 160 mM sucrose (τ = 0.481, P < 0.01), but not with any of the other investigated tastants (Fig. 5) . The ESS score was significantly associated with the frequency of unbearable drowsiness (τ = 0.489, P < 0.01), but not with the frequency of snoring (Fig. 6) .
Discussion
In much of the world, there is an urgent need to reduce the rate of obesity that is associated with overeating. Indeed, obesity has important and adverse associations with various health complications and sleep-related breathing disorders. The present study is the first to characterize the modes of association between gustatory salivation and BMI, sleepiness, and various sleep habits in healthy young adults. The five prototypical tastes (sweet, sour, salty, bitter, and umami) are sensed by the taste G protein-coupled receptors (GPCRs) or channels expressed by taste-bud cells in the tongue (Niki et al. 2010; Janssen and Depoortere 2013) . Moreover, humans could perceive some signals of the dietary fats that generally constitute the bulk of fats in foodstuffs (especially free fatty acids, but not triacylglycerides) via the following process; fatty acids are recognized chemically in tongue taste-bud cells that have putative fatty acid receptors. Subsequently, signals are transmitted to the brain through taste nerves (for instance, the glossopharyngeal nerves). Neuropeptides and neurotransmitters, such as Men (n = 20) Women (n = 6) All (n = 26) BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure, UWSFR, unstimulated whole saliva flow rate; SWSFR, stimulated whole saliva flow rate. *BMI: Underweight, < 18.5 kg/m 2 ; normal weight, 18.5-24.9 kg/m 2 ; overweight, 25-29.9 kg/m 2 ; obese, ≥ 30 kg/m 2 . **Differences between men and women, as evaluated using Student's t-test. Data are presented as the mean and standard deviation (SD). Table 1 . Baseline characteristics of the participants*.
beta-endorphin and dopamine, are released shortly after fat intake (Fukuwatari et al. 1997; Hiraoka et al. 2003; Fushiki and Kawai 2005; Liang et al. 2006; Mizushige et al. 2006 Mizushige et al. , 2007 . The notable clinical features of saliva include its ease of collection and non-invasive accessibility. Indeed, saliva is widely used for measuring the concentrations of hormones, cytokines, and other physiological active substances (Nie et al. 2014; Hiremath et al. 2015; Langie et al. 2016) . Salivation in the oral cavity is induced as a neural reflex in the body. The quantity and type of secreted saliva are regulated by the autonomic nervous system (Edger 1992; Proctor and Carpenter 2014) . Saliva glands receive dual innervation by both sympathetic and parasympathetic fibers, much like the other internal organs of the body. The neural reflex requires an afferent receptor, a nerve that conducts the impulse generated by stimulation, a reflex center (salivatory nucleus), and efferent pathways that include nerve bundles of sympathetic fiber or parasympathetic fiber, which innervate the saliva glands separately (Humphrey and Williamson 2001; Bradley et al. 2005) . Despite the detailed understanding of saliva secretion, the relationships of the gustatory salivation mechanism with sleepiness and sleep habits have remained largely unknown, even in healthy individuals.
Based on the results from several large-scale studies of SFRs in healthy individuals, the general UWSFR and SWSFR is 0.3-0.4 mL/min and 1.5-2.0 mL/min, respectively (Heintze et al. 1983; Dawes 1987) . Both UWSFR and SWSFR differ greatly across individuals (Humphrey and Williamson 2001) . Nonetheless, the presence of a UWSFR that is under 0.1 mL/min during resting is accepted as objective evidence for impairment of the salivary secretion function in humans (Humphrey and Williamson 2001) . Saliva is also secreted as a response to the mechanical stimulation of mastication and to stimulation by taste sensations, as shown in Figs. 1-3 . The act of mastication stimulates salivation by itself if the object that is being masticated has no taste ( Fig. 1) (Humphrey and Williamson 2001; Uneyama et al. 2009) .
A SWSFR during gum-chewing of less than 1.0 mL/ min was considered to indicate hyposalivation based on the proposal of the Research Committee on Sjögren's Syndrome of the Ministry of Health and Welfare in Japan For each participant, the amount of secreted whole saliva was measured for 5 min during resting and masticating (gumchewing) states. (A, B) All participants showed normal rates of salivation during the resting state (≥ 0.1 mL/min). No significant association was observed between the saliva flow rate during the resting state and age or body mass index (BMI). (C, D) All participants also showed normal rates of salivation during the masticating state (≥ 1.0 mL/min). No significant association was observed between the saliva flow rate during the gum-chewing state and age or BMI. Relationships were assessed using Kendall's rank correlation coefficient (τ). P-values are for the hypothesis of no correlation. Some of the plotted circles overlap closely or perfectly. Horizontal dashed lines show the cut-off values for decreased SFR during the resting and masticating states. UWS, unstimulated whole saliva; SWS, stimulated whole saliva. **Three plots are (almost) perfectly merged. *Two plots are (almost) perfectly merged. (A-G) For each participant, the amount of salivation during resting and tasting states was measured for 1 min using the indicated tastants. The increase in the saliva flow rate (SFR) induced by each tastant was calculated as the difference between the measured SFR during tasting and that during resting. Relationships were assessed using Kendall's rank correlation coefficient (τ). P-values are for the hypothesis of no correlation. Some of the plotted circles overlap closely or perfectly. UWS, unstimulated whole saliva; SWS, stimulated whole saliva; OA, oleic acid. *Two plots are (almost) perfectly merged.
(H) For each participant, the amount of salivation during resting and tasting states was measured for 1 min using the indicated tastants. The average SFR of all participants (n = 26) was significantly increased by the oral administration of OA solution during the first 1 min. Data are presented as the mean ± standard deviation (SD). #P < 0.05. n.s., not significant. Fig. 3 . The increase in SFR induced by NaCl is associated with the degree of daytime sleepiness. For each participant, the amount of salivation was measured for 1 min during resting and tasting states using the indicated tastants. The increase in the saliva flow rate (SFR) induced by each tastant was calculated as the difference between the measured SFR during tasting and that during resting. Using the Epworth sleepiness scale (ESS), a self-reported questionnaire, the participants rated their likelihood of falling asleep (0 to 3) during 8 situations, as detailed in the Materials and Methods. The ESS score (the sum of the 8 item-scores in the ESS) of each participant were used for a subsequent correlation analysis. The ESS score was associated with the increase in SFR induced by 160 mM NaCl. Relationships were assessed using Kendall's rank correlation coefficient (τ). P-values are for the hypothesis of no correlation. Some of the plotted circles overlap closely or perfectly. Vertical dashed lines show the cut-off score of 10, which has been established as identifying excessive daytime sleepiness. UWS, unstimulated whole saliva; SWS, stimulated whole saliva; OA, oleic acid. *Two plots are (almost) perfectly merged. (Satoh-Kuriwada et al. 2014) . Thus, in the present study, all participants had SFRs that were within the normal range during both the resting and masticating states (Table 1 , Fig.  1) ; indeed, this was one of the requirements for participation in our study. The data that we acquired suggested that, at least among healthy young adults, age and BMI account for little or none of the inter-individual differences in resting and masticating SFRs. Some studies have reported sex differences in salivation ability, which were suggested to result from differences in the sizes of salivary glands in men and women (Heintze et al. 1983; Inoue et al. 2006; Ono et al. 2007 ). However, in the present study, we observed no apparent differences between the SFRs of men and women during either the resting or masticating states, as shown in Table 1 . Therefore, we decided to analyze the data for men and women together in the present study.
Regarding the relationship between taste-induced salivation and BMI, we found that BMI was significantly associated with increases in the SFR that were induced by 32 Fig. 4 . The increase in SFR induced by NaCl is associated with the frequency of snoring.
For each participant, the amount of salivation was measured for 1 min during resting and NaCl-tasting states. The increase in the saliva flow rate (SFR) induced by 160 mM NaCl was calculated as the difference between the measured SFR during tasting and that during resting. In the self-reported questionnaire, the participants rated 6 indicated sleeping habits on a scale of 1 to 4 or 5, as detailed in Table 2 . The increase in the SFR stimulated by NaCl was significantly associated with the frequency of snoring (question 6 in Table 2 ), but not with any of the other investigated sleep habits (questions 1-5 in Table 2 ). Relationships were assessed using Kendall's rank correlation coefficient (τ). P-values are for the hypothesis of no correlation. All participants (n = 26) answered questions regarding sleep habits. Some of the plotted circles overlap closely or perfectly. UWS, unstimulated whole saliva; SWS, stimulated whole saliva. *Two plots are (almost) perfectly merged.
mM OA and 160 mM OA, but not with any other of the investigated tastants ( Fig. 2A-G , Table 3 ). Accordingly, the oral OA detection systems that induce the saliva reflex may have specific relationships with and play essential roles in the initiation of efficient digestion for fat-containing, highcalorie foods in the gastrointestinal tract. This may occur via cephalic phase responses to taste perception (for instance, by enhancing gastric and pancreatic juice secretion via the autonomic nerve system) and may lead to higher BMI among healthy young adults. However, further multi-disciplinal investigation would be required to confirm this speculation. In addition, it is noteworthy that the average SFR was significantly increased by a 1-min stimulation with 160 mM OA that was administered to the oral cavity alone (Fig. 2H) . This significant increase suggests the existence of a unique oral-OA-detection system that induces an oral OA-dependent immediate saliva reflex to assist with fatcontaining food digestion, at least during the oral phase of swallowing. To the best of our knowledge, we observed this phenomenon for the first time in human subjects. In contrast, the results of a previous study do not support the existence of fat-specific parotid saliva reflex (Hodson and Linden 2004) . Their results appear to contradict our own, which may be attributable to differences between the two studies in terms of (i) the tastants that were used to increase the SFR and (ii) the methods of saliva collection. Indeed, Hodson and Linden (2004) used full-cream milk or cream cheese as tastants for oral fat stimulation, and measured only saliva that had been secreted from the parotid. These aspects of Hodson and Linden's materials and methods are different from our own. Although the molecular mechanisms of the oral OA-induced increases in SFR are largely unknown, they appear to be independent of the OA-detection system in the gastrointestinal tract. Note that the participants in the present study were asked not to swallow the OA samples after intake and, accordingly, no sample reached the gastrointestinal epithelium through the esophagus during our tests.
Regarding the relationships between taste-induced sal- ivation, sleepiness, and sleep habits, our findings clearly demonstrated that the ESS score was associated with the increase in the SFR induced by 160 mM NaCl, but not with age, BMI, or the other investigated tastants (Fig. 3, Table 3 ). These findings suggest that the oral NaCl-detection system for the NaCl-induced saliva reflex might have a specific relationship with some sleep habits or sleep-related breathing disorders that lead to sleepiness. Snoring is caused by the vibration of structures within the body, such as the soft plate, uvula, tonsils, base of tongue, epiglottis, and lateral pharyngeal walls (Dizdar et al. 2015) . In subsequent analyses, we also found that the frequency of snoring was significantly associated with the increases in the SFR that were induced by 160 mM NaCl and 160 mM sucrose, but not with the other investigated tastants (Figs. 4 and 5, Table 3 ). Obstructive sleep apnea is a subtype of sleep apnea syndrom that is principally associated with a narrowed upper airway that has resulted from fat accumulation accompanied with obesity or other congenital or acquired conditions (Dudley and Patel 2016; Kassim et al. 2016 ). Because For each participant, the amount of salivation was measured for 1 min during resting and various tasting states using the indicated tastants. The increase in the SFR induced by each tastant was calculated as the difference between the measured SFR during tasting and that during resting. In the self-reported questionnaire, the participants rated the frequency of snoring on a scale of 1 to 4, as detailed in Table 2 . The frequency of snoring (question 6 in Table 2 ) was significantly associated with the increase in SFR stimulated by 160 mM sucrose, but not with the increases stimulated by the other investigated solutions (i.e., acetic acid, OA, and the control vehicle of OA). Relationships were assessed using Kendall's rank correlation coefficient (τ). P-values are for the hypothesis of no correlation. All participants (n = 26) answered questions regarding sleep habits. Some of the plotted circles overlap closely or perfectly. UWS, unstimulated whole saliva; SWS, stimulated whole saliva; OA, oleic acid. *Two plots are (almost) perfectly merged.
snoring is an early and common symptom of obstructive sleep apnea, the abovementioned results suggest that part of the functional regulation system for the NaCl-or sucroseinduced saliva reflex might have an unknown relationship with a factor that affects or is affected by the status of upper airway, via unknown mechanisms. Interestingly, additional analyses in the present study revealed that the ESS score, which was used to assess daytime sleepiness, was associated with the degree of unbearable drowsiness, but not with the degree of snoring (Fig. 6 ). These findings providing supplemental support to the idea that the form of ESS used in this study performs well as an indicator of daytime sleepiness. In addition, our findings suggest that the ESS and degree of daytime sleepiness do not depend on the degree of snoring alone.
The following study limitations should be noted. The first limitation is the small sample size, which may have resulted in low statistical power, although it was sufficient to detect significant associations between gustatory salivation, BMI, sleepiness, and sleep habits. The second limitation is related to the self-report questionnaire. Because of the self-reported questionnaire, the potential for response bias must be taken into consideration when interpreting the results of our study in healthy young adults. It is also possible that some biases may have resulted from translation. Note that our research group originally prepared the questions in Table 2 and the rest of the self-report questionnaire in Japanese. The study participants received this Japanese version, rather than the translated version that is shown in the table. However, to evaluate daily sleepiness via ESS, we used a version of the ESS questionnaire that had previously been translated into Japanese and had been used in clinical settings in Japan. The version of the ESS questionnaire that we used for the present study is not the same as In the self-reported questionnaire, the participants rated the frequency of unbearable sleepiness and the frequency of snoring on a scale of 1 to 4, as detailed in Table 2 . In addition, using the Epworth sleepiness scale (ESS), a self-reported questionnaire, the participants rated their likelihood of falling asleep (0 to 3) during 8 situations, as detailed in the Materials and Methods. The ESS score (the sum of the 8 item-scores in the ESS) of each participant was used for the subsequent correlation analysis. The ESS score was significantly associated with the frequency of unbearable drowsiness (question 5 in Table 2 ), but not with the frequency of snoring (question 6 in Table 2 ). Relationships were assessed using Kendall's rank correlation coefficient (τ). P-values are for the hypothesis of no correlation. All participants (n = 26) answered questions regarding sleep habits. Some of the plotted circles overlap closely or perfectly. The supplemental numbers (#2 to #4) located to the upper right of the plotted circles indicate the number of circles that share (almost) the same position. Circles that appear without supplemental numbers indicate single data points that do not overlap. Vertical dashed lines show the cut-off score of 10, which has been established as identifying excessive daytime sleepiness. Table 3 . Summary of correlations between various gustatory salivation rates, BMI, ESS, and snoring habit.
BMI, body mass index; ESS; Epworth sleepiness scale; OA, oleic acid; SWSFR, stimulated whole saliva flow rate. Data summarize both the P-values for testing the hypothesis of no correlation and the coefficients of correlation (τ) shown in Figs. 2-5. *Correlations were evaluated using Kendall's rank correlation coefficient.
the validated Japanese version that was described in a previous report (Takegami et al. 2009 ). The third limitation is the application of many different tests with the same P-value threshold in our study (i.e., the multiple comparisons problem). In summary, the present study firstly showed that BMI was associated with the increases in the SFR stimulated by 32 mM OA and 160 mM OA, but not with those stimulated by 160 mM NaCl or other tastants. In contrast, ESS was associated with the increase in the SFR induced by 160 mM NaCl, but not with those induced by 160 mM sucrose, 160 mM OA, or other tastants. Moreover, we found that the increases in the SFR induced by 160 mM sucrose and 160 mM NaCl were remarkably associated with degree of snoring habit, but did not show significant associations with any of the other investigated sleep habits. These results imply novel aspects of saliva's importance, which have never been described previously. They particularly suggest the following: First, BMI might affect or be affected by the flow rate of salivation induced by fatty acid taste stimulation, via some unknown mechanism. Second, some of the factors that regulate the NaCl-induced gustatory salivation reflex may be related to or affected by processes that lead to impairment of respiratory control with habitual snoring during sleep. This, in turn, may induce daytime sleepiness because of insufficient sleep at night. The impairment could be caused by decreased ability to maintain an appropriate airway size in the upper airway, because of the formation of chronic edema around the neck. Additional research is needed on the hypothesized relationships that have been mentioned above. Nonetheless, it seems possible that the tastant-induced increases in the gustatory SFR could be useful, supplemental clinical indicators. The use of these indicators could deepen the current understanding of obesity, overweight, and complications related to insufficient durations of sleep, such as sleep apnea syndrome. These indicators could also help to classify obesity, overweight, and complications related to insufficient durations of sleep. Thus, it would be highly valuable to clarify the precise mechanisms that underlie the associations shown in the present study. Once available, such clarification could promote the development of novel, convenient, non-invasive, and objective saliva-based methods of evaluating and preventing obesity, overweight, and sleep-related breathing disorders.
